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Abstract 
By enhancing the stock of piscivorous fish in a whole-lake xperi- 
ment in Gr~ifenhain (Germany) since 1981 to such an extent that al- 
most all planktivorous fish were exterminated, we examined the 
concept of "over-biomanipulation". Thishypothesis predicts that (a) 
extremely strong piscivory will allow uncontrolled development of 
large invertebrate predators and (b) these invertebrates can exert he 
same strong predation pressure on large herbivorous zooplankton as 
planktivorous fi h. The hypothesis i  tested the first time by a cross- 
comparison of the long-term response of the plankton community 
structure in the experimental l ke (Piscivore L.) with (1) the inter- 
mediate response in the same lake and with (2) that of the long-term 
state in a nearby reference lake (Planktivore L.) densely inhabited by 
planktivorous fi h (Leucaspius delineatus, a small cyprinid). The in- 
termediate (1989 -1992) response in Piscivore L. revealed a strong 
increase of the abundance of the invertebrate predator Chaoborus 
flavicans. Large daphnids were able to coexist with C. flavicans so 
that edible phytoplankton were suppressed and water transparency 
increased. 
As part (a) of the hypothesis predicts, the long-term response in 
Piscivore L. was characterized by the immigration of the larger 
predator Chaoborus obscuripes which displaced the smaller C. flav- 
icans completely. The results upport also part (b) of the hypothesis 
of "over-biomanipulation": C. obscuripes-dominated Piscivore L. 
showed not much difference inbiomasses ofdaphnids and total and 
edible phytoplankton aswell as SECCm depth compared with fish- 
dominated Planktivore Lake. On the other hand, C. obscuripes-dom- 
inated Piscivore L. was characterized by distinctly lower biomass of 
daphnids, mean body volume of all crustaceans and SECCUt depth as 
well as by higher biomass of edible phytoplankton compared with C. 
flavicans-dominated Piscivore Lake. We conclude that long-lasting 
success of biomanipulation cannot be achieved by extremely high 
piscivory leading to the almost complete xtermination f plankti- 
vorous fish. 
Introduction 
Numerous investigations have demonstrated that the poten- 
tial of the upper trophic-level components to control the 
lower level components in aquatic food webs is subject o 
considerable variation on all trophic levels. In some whole- 
lake investigations o, or only weak reduction of the strength 
of the top-down effects was observed (STENSON 1988; MIT- 
TELBACH et al. 1995; RENTON et al. 1995). These findings 
support he biomanipulation concept (SHAPIRO et al. 1975) 
and the trophic cascade hypothesis (CARPENTER et al. 1985). 
On the other hand, there are some whole-lake xperiments 
which reveal a progressive reduction of the strength of the 
top-down effects towards the base of the food web (BENN- 
DORF et al. 1988; BENNDORF 1995; RAMC~ARAN et al. 1995; 
ROMO et al. 1996). These latter esults upport he top-down/ 
bottom-up theory (McQuEEN et al. 1986) which predicts that 
maximum attainable biomass on each trophic level is deter- 
mined by the combined effects of predation (top-down) and 
resource availability (bottom-up). If all whole-lake xperi- 
ments reviewed by REYNOLDS (1994) are used to test the 
biomanipulation or cascading trophic interactions hypo- 
thesis (A) and the top-down/bottom-up hypothesis (B), a 
contradictory result emerges: 11 experiments support hy- 
pothesis (A) and 16 experiments support hypothesis (B). 
Thus, we postulate that both hypotheses apparently are only 
different expressions of the same phenomenon, amely of 
the substantial variation in the strength of top-down trophic 
interactions. Consequently, we recommend limnologists not 
focussing merely on falsifying hypothesis (A) or (B), but try- 
ing to explore the mechanisms controlling the variation of 
the strength of top-down effects. Besides external forces and 
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morphological features of the water bodies, compensatory 
mechanisms on lower trophic levels following strong preda- 
tion pressure probably play the most important role in this 
context [see BENNDORF (1988), DEMELO et al. (1992) and 
LAMPERT (1997) for reviews]. 
Typical compensatory mechanisms are: 
(1) Shift from edible to inedible phytoplankton (GLIWICZ 
1975, 1990; MCCAULEY &; BRIAND 1979; SOMMER et al. 
1986; STERNER 1989). 
(2) Morphological, life-history and behavioural defense 
mechanisms in zooplankton (HALBACH 1969; HAVEL & 
DODSON 1984; TOLLRIAN 1995; DE MEESTER et al. 1995; 
SELL 1996). 
(3) Morphological and behavioural defense mechanisms in 
planktivorous or benthivorous fish (WERNER et al. 1983; 
HAMBRIGHT et al. 1991). 
(4) High abundance of planktivorous juvenile fish both of 
planktivores (HAMBRIGHT 1994) and of the intentionally 
promoted piscivores (MILLS et al. 1987; JOHNSON et al. 
1992; MEHNER et al. 1996). 
(5) Dominance of large invertebrate predators which can 
exert strong predation pressure on herbivorous zooplank- 
ton (GLIWICZ & PREJS 1977; GLIWICZ et al. 1978; LEWIS 
1979; EDMONDSON & ABELLA 1988; BRANSTRATOR ~z 
LEHMANN 1991; MATVEEV 1995; SELL 1996; SELL et al. 
1997; WISSEL & BENNDORF 1998). 
In this study we focus on compensatory mechanism (5). 
All compensatory mechanisms should become most obvious 
if the direct op-down effects are strong. Such effects can be 
expected primarily after strong manipulations (CARPENTER 
1989; CARPENTER & KITCHELL 1988). Therefore, we in- 
creased the piscivory in a whole-lake xperiment (Piscivore 
Lake, Gr~ifenhain, Germany) to such an extreme xtent hat 
almost all planktivorous fish were eliminated. The purpose 
of this study is to test the hypothesis that extreme nhance- 
ment of piscivory ("over-biomanipulation") favours mecha- 
nism (5). It is tested whether this ,,over-biomanipulation" 
can increase the predation intensity on large herbivorous 
zooplankton (Daphnia spp.) to such an extent hat the short- 
term (and intermediate) top-down effects of removing plank- 
tivorous fish on herbivorous zooplankton, phytoplankton 
and water transparency can be completely compensated in 
the long-term range. 
As in all whole-lake xperiments, we are faced with the 
problem that it is not feasible to carry out a number of repli- 
cated experiments which would be needed to achieve ade- 
quate statistical power (CARPENTER 1989; PERSSON et al. 
1993). But here, the disadvantage of weak possibilities for 
statistical analysis was reduced by comparing the experi- 
mental results with those observed in a nearby reference lake 
(Planktivore L.) inhabited by planktivorous fish up to its car- 
rying capacity. This experimental design follows CARPEN- 
TER'S (1989) conclusion that unreplicated paired-ecosystem 
experiments are the best available approach. 
If organisms are involved which have generation times of 
one year or longer (e.g., Chaoborus pp., fish), the period of 
observing the response of the manipulated ecosystem should 
be as long as necessary to reach a new "stable" state. There- 
fore, we have observed the response for a rather long period 
after starting the experiment in 1981 (BENNDORF et al. 1984; 
KOHLER et al. 1989; SELL 1996; SELL et al. 1997). In earlier 
publications, a brief summary of the short-, intermediate and 
long-term (up to 1994) response in Piscivore L. (BENNDORF 
1995) as well as a comparison of the plankton community 
structure in Piscivore L. with that in Planktivore L. in indi- 
vidual years (SELL et al. 1997; WISSEL & BENNDORF 1998) 
were employed to test the "over-biomanipulation" hypothe- 
sis described above. Here, we attempt a more vigorous test 
by examining this hypothesis in two ways: first by compar- 
ing the intermediate (1989-1992) with the long-term (1993- 
1995) response of the plankton community structure in Pisci- 
vore L., and second by comparing the long-term response of 
the plankton structure in Piscivore L. with that in Planktivore 
L. during the same period (1993-1995). 
Methods 
Study Site 
Both small lakes investigated are former quarries in Gr~tfenhain 
(40 km north of Dresden, Germany) that were flooded since 1961. 
These are the same water bodies as described as "experimental l ke" 
and "reference lake" in earlier studies (BENNDORF 1990, 1995; SELL 
1996; SELL et al. 1997; WlSSEL & BENNDORF 1998). Both lakes have 
a circular shape, very steep sides, no littoral zone, and lack surface 
inflows and outflows. Almost vertical rock walls rise 3-4 metres 
above the lake surface. Since the lakes are also surrounded by dense 
woodland, exposure to wind is very limited. This together with small 
surface areas and relatively large mean depths (Piscivore L.: 440 m 2, 
7 m; Planktivore L.: 850 m z, 8 m) results in an extremely stable ther- 
mal stratification. Both lakes are monomictic, with a complete mix- 
ing of the water column taking place only once per year (between 
October and November). Due to this stratification pattern and the 
eutrophic state, the deep layers are deficient of oxygen for almost 
the whole year. The occurrence of H2S in the hypolimnion (up to 
150 btmol • L ~) is regularly observed during the summer. During the 
autumnal mixing, H2S is oxidized which for some days results in ex- 
tremely low oxygen concentrations in the whole water column. This 
oxygen minimum has dramatic effects on the fish community. Only 
two species of small cyprinids can survive the low-oxygen period, 
Leucaspius delineatus (planktivorous) and Carassius carassius 
(mainly benthivorous). Due to the absence of piscivorous fish under 
unmanipulated conditions, the planktivores and benthivores can ap- 
proach the carrying capacity of these lakes (up to 230 kg • ha-~; 
BENNDO~F et al. 1984). As a consequence of the particular mor- 
phometry, the strong stratification (anoxic hypolimnion), and the au- 
tumnal oxygen minimum, no piscivorous fish can survive longer 
than one spring and summer period and piscivores cannot success- 
fully reproduce during this period. Thus, no disturbance of the ex- 
periment by 0+ fish of the stocked piscivores i  to be expected in 
Piscivore Lake. 
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Table 1. Chemical characteristics in Piscivore Lake (intermediate r sponse: 1989-1992, long-term response: 1993-1995) and Planktivore 
Lake (1992 and 1993-1995). No data are available from Planktivore L. before 1992. Total P and SRP: vertical mean values of the oxygenated 
zone (epi- and metalimnion); oxygen and pH: surface values. Median values and 25-75 percentiles during summer periods of all years (May - 
October). 
Piscivore Lake Planktivore Lake 
1989-1992 (n = 30) 1993-1995(n = 27) 1992 (n = l l )  1993-1995 (n = 21) 
Oxygen (mg g -1) 7.7 (5.4-9.7) 10.0 (8.9-10.7) 8.8 (7.9-10.1) 9.0 (8.0-9.7) 
pH 7.5 (7.3-7.8) 8.5 (8.0-9.1) 7.7 (7.4-7.7) 8.0 (7.8-8.2) 
Total P (gg L z) 100 (66-120) 88 (57-116) 70 (31-111) 97 (57-135) 
SRP (~g L -z) 6 (2-12) 4 (1-9) 2 (14)  4 (3-10) 
In respect o nutrient input, the lakes are almost completely 
supplied by terrestrial vegetation. The input of falling leaves and 
pollen causes an external phosphorus loading of about 0.66 g total 
P. m 2. year  I (BENNDORP & MIERSC14 1991). Together with the high 
internal remobilization, this loading leads to in-lake concentrations 
of about 300 ~tg total P • L -t during the autumnal overturn in both 
lakes, although epi- and metalimnetic concentration during summer 
are much lower (Table 1). Since all other physical and chemical 
characteristics (with the exception of the larger surface area of 
Planktivore L.) are also very similar (WlSSEL & BE~DORF 1998), 
the lakes should be an almost ideal pair of experimental waters. The 
lakes are exclusively used for scientific purposes. 
Sampling, chemical and biological analysis 
During the period of potential development of daphnids (April to 
November) sampling intervals were as follows: two weeks in 1991, 
1992, 1993, and three weeks in 1989, 1994 and 1995. Longer inter- 
vals were unavoidable in some winter periods. Data from only two 
sampling dates were available in 1990 and no samples were taken in 
Planktivore L. from July 1993 to May 1994. 
Water transparency was measured with a 25-cm SECCHI disc. 
Water temperature was recorded by a WTW-probe (Wissenschaft- 
lich-Technische Werkst~tten, Weilheim, Germany) since 1991 and 
by a simple thermometer placed in a RUTTNER sampler before 1991. 
The WINVd.ER-method and (after 1990) a WTW probe were em- 
ployed to measure dissolved oxygen. Total phosphorus and soluble 
reactive phosphorus (SRP) were measured for a combined sample of 
the oxygenated zone (epi- and metalimnion) by using the Selected 
Methods for Water Analysis (Ausgew~ihlte Methoden der Wasser- 
untersuchung 1973). 
Zooplankton samples were taken with vertical hauls of a closing 
net (mesh size 100 ~m), usually from 3 m to 0 m for the epilimnion 
and metalimnion, and from the bottom to 3 m for the hypolimnion. If
the layer having 0.3 mg 02 - L -~ or less was deeper than 3 m, the 
boundary between meta- and hypolimnion was lowered to that 
depth. As the application of a closing net made it impossible to use a 
flowmeter, we assumed 100% net filtration efficiency. Animals were 
preserved with 4% sugar formalin (HANEY & HALL 1973). From 
each sample, 100 animals (if available) of each species were counted 
and measured under a dissecting microscope connected to a digital 
SIS-analysis ystem (Soft Imaging System, MUnster, Germany). Be- 
fore 1993 the SIS-system was not yet available. Therefore, zoo- 
plankton counting was performed using a microscope (Zeiss, Jena, 
Germany) and assigning all counted and measured individuals into 
size-classes of 50 gm intervals. Conversions to individual biovol- 
ume were calculated using regression equations (BOTTRELL et al. 
1976; HOaN 1978; DUMKE 1984). An EKMaN-grab (225 cm 2) was 
used for sampling Chaoborus larvae in the sediment. 
It is unavoidable in performing a long-term experiment that 
many people are involved, which can cause an unknown source of 
subjective rror. We tried to minimize this error by standardizing the 
methods as far as possible. But during a few years we were obvious- 
ly  wrong in identifying some Daphnia species. Since 1985 and con- 
secutive years, D. longispina and in 1987, D. galeata were identified 
in Piscivore L. (K(3HLER et al. 1989; BENNDOP, F 1990). During later 
years (since 1992), no D. longispina were found, but besides D. 
pulex always D. rosea occurred (SELL 1996; SELL et al. 1997). A re- 
cent re-identification f the daphnids in the samples from 1985 to 
1991 revealed that no D. galeata could be found in these samples but 
D. rosea in the samples of 1985 and 1986. Therefore, we indicate in 
Fig. 1 the results of the re-identification. 
Phytoplankton samples were taken with a 1 L RUTTNER sampler 
at intervals of 1 m, preserved with J-JK-Acetat (UTERM(SHL 1958) 
and pooled for epi- and metalimnion as well as for hypolimnion. 
Phytoplankton from 1-10 mL were counted and measured with an 
inverted microscope (Zeiss, Jena, Germany) at magnifications be- 
tween 200x and 1000x (UTERMOHL 1958). Conversions to biovol- 
ume were based on simple geometrical bodies. The differentiation 
between edible and inedible phytoplankton was based on micro- 
scopical analysis. Phytoplankters were regarded to be edible if their 
longest dimension did not exceed 30 ~m. Further details are given 
by BENNDORF et al. (1984), KOHLER et al. (1989), SELL (1996) and 
WISSEL & BENNDORF (1998). 
Data analysis 
Since inferential statistical methods were not appropriate ocompare 
the results of the two lakes because of pseudoreplication (HURLBERT 
1984), we did not apply statistical tests. Basically, randomized inter- 
vention analysis (RIA) appears to be the most appropriate method 
for determining whether a nonrandom change has occurred in a ma- 
nipulated ecosystem (CARPENTER et al. 1989). But RIA could not be 
employed because data from Planktivore L. were gained regularly 
only since July 1992 (SELL 1996), Thus, we have no quantitative in- 
formation about he pre-treatment phase of the reference lake, which 
would be necessary to apply this method. RIA was not yet available 
when we started the experiment in 1979. 
Instead of statistical tests, we rely on the strength of food web re- 
sponses to different top predators. We use cumulative frequency dis- 
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tributions (CFD) for the ultimate comparison of the results. This is 
an efficient echnique commonly used in hydrological science to 
transform measurements of a variable having stochastic haracteris- 
tics into probability distributions (HANSEL 1976). If we assume that 
the differences between the two lakes and the two periods are not 
just governed by stochastic processes, the variables we observed 
should reveal distinctly different frequency (probability) distribu- 
tions (see Fig. 5). 
Results 
Experimental history of Piscivore Lake 
During the pre-biomanipulation period (1979-1980) Pisci- 
yore L. was densely populated by Leucaspius delineatus 
(120 kg • ha-l), a small cyprinid well-known as a very effec- 
tive zooplankton consumer. The second cyprinid fish 
(Carassius carassius), also present in both lakes at densities 
of 110 kg • ha -1, presumably had little effect on herbivorous 
zooplankton. The only invertebrate predator (Chaoborus 
flavicans) was under control by the strong predation of fish 
(Fig. 1). Mainly the high predation pressure by L. delineatus 
caused the elimination of Daphnia spp., and also reduced the 
biomass of other (smaller) crustaceans (Bosmina lon- 
girostris, Thermocyclops oithonoides). During the pre-ma- 
nipulation period, SECCHZ depth was low due to the domi- 
nance of small species of phytoplankton. 
Biomanipulation was started in March 1981 by stocking 
of perch (Percafluviatilis) and rainbow trout (Oncorhynchus 
mykiss) with an areal biomass of 117 kg • h~ 1. The resulting 
high ratio of piscivore to planktivore biomass of 0.98 and the 
lack of refuge for the prey fish led to the complete xtermi- 
nation of the planktivorous L. delineatus within a few weeks. 
After the middle of May 1981, not a single specimen could 
be caught by different methods (bait nets, gill nets). Perch 
and trout did not eliminate the mainly benthivorous C. caras- 
sius. Since we intended to investigate the effects of near-zero 
densities of planktivorous and benthivorous fish, we aimed 
at also eliminating all C. carassius. Therefore, re-stocking of 
the piscivores in 1982 and consecutive years was done with 
northern pike (Esox lucius). This larger piscivorous fish re- 
duced C. carassius to very low densities. Test fishing (gill 
nets) in some years showed areal biomasses of C. carassius 
between 4.0 kg • ha -J (1991) and 17.7 kg • h~ ~ (1995). Thus, 
after 1982 planktivorous fish biomass was probably zero and 
benthivorous fish biomass very low. 
The short-term response (1981-1988) to this extremely 
low predation pressure on zooplankton consisted in a moder- 
ate increase in abundance of Chaoborusflavicans, enhanced 
crustacean biovolume and a shift to larger species, mainly 
Eudiaptomus gracilis, Daphnia hyalina, D. rosea, D. Iongi- 
spina, and (after 1985) D. pulex (Fig. 1). The mean individu- 
al body volume of all crustaceans (including nauplii) 
increased to relatively high values of slightly more than 
0.02 mm 3 per individual. Water transparency during summer 
was much improved ue to a shift from small to large phyto- 
plankton species (e.g. Ceratium hirundineIla, Volvox sp.). 
But the total phytoplankton biomass did not decrease. 
1,111=, 




(-- t ' -  
"'6 
'80 '82 '84 '86 '88 '90 '92 '94 
I Pre    -BM(;h°rti  --I 
g 
BMiinteriiB ling)l 
Fig. 1. Zooplanktivorous fish, zooplankton 
and SECCH[ depth during the pre-biomanipula- 
tion period (Pre-BM) and their short-term, in- 
termediate and long-term response to the ex- 
treme nhancement of piscivory in 1981 in Pis- 
civore Lake. D.h. = Daphnia hyalina, D.c. = D. 
cucuIlata, D.r. = D. rosea, D.1. = D. longispina, 
D.p. = D. pulex, E. = Eudiaptornus gracilis. 
Summer averages (May - October, nper season 
= 7-13; exception: n = 2 in 1990). Chaoborus 
flavicans (flav.) and C. obscuripes (obsc.): 
mean values of the whole water column; all 
other zooplankton criteria: mean values of the 
oxygenated layer (epi- and metalimnion) (from 
BENNDORF 1995, extended and corrected re- 
garding the Daphnia species). 
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The intermediate r sponse (1989-1992) revealed a strong 
increase of Chaoborusflavicans followed by increased mean 
individual body volume of all crustaceans• This latter param- 
eter increased to very high values at the end of the intermedi- 
ate response phase• As Fig. 1 shows, almost exclusively the 
large species, Daphnia longispina and D. pulex, could resist 
high predation pressure by Chaoborus flavicans enough to 
develop relatively high biomass. Between the intermediate 
and the short-term responses of the zooplankton community, 
no changes were observed regarding phytoplankton biomass 
and composition as well as SECCH] depth. 
The long-term response (1993-1995) was characterized 
by the dominance of Chaoborus obscuripes, a species which 
is characteristic of fishless lakes. This larger species immi- 
grated already at the end of the intermediate r sponse phase 
and was able to displace C. flavicans completely during a 
two-year period (1992-1994, Fig. 1). This shift from C. flav- 
icans to C. obscuripes was followed by a steep decline of 
crustacean biomass, mean individual crustacean body vol- 
ume, and Daphnia biomass (Fig. 1). Phytoplankton biomass 
and composition as well as water transparency returned to al- 
most exactly the same situation as observed before bioma- 
nipulation was started (SECCHI depth: Fig. 1). 
Experimental history of Planktivore Lake 
Planktivore Lake was not thoroughly investigated before 
July 1992. But from random samples during the early eight- 
ies, it can be derived that the lake was in a quite similar state 
to Piscivore Lake before biomanipulation regarding fish col- 
onization, zooplankton and phytoplankton communities, and 
physical and chemical conditions. Thus, we assume that 
Planktivore L. during the entire period from 1979 to 1995 
was characterized by a high stock of Leucaspius deIineatus 
near the carrying capacity of the lake for planktivorous fish 
(about 100 kg. ha-l). Also the density of Carassius carassius 
is estimated to be in the same order of magnitude as in Pisci- 
vore L. before starting the biomanipulation. 
No fish manipulation has been performed in Planktivore 
L. during the period from 1979 to 1995 with the exception of 
introducing 1,000 to 2,000 adult L. delineatus (1.2 to 2.4 fish 
• m 2) in the spring of years following an unusually long-last- 
ing ice cover. Although some minnows survived even strong 
winters, this additional stocking was performed to guarantee 
a permanent high stock of planktivorous fish in the reference 
lake. 
Comparison of the responses ofboth lakes 
• Water temperature 
A cross-comparison f the long-term response with the inter- 
mediate response in Piscivore L. and with the situation in 
Planktivore L. is justified only if the two periods as well as 
both lakes are comparable with respect o the independent 
controlling factors (physical and chemical conditions). But 
most chemical factors (e.g., oxygen, pH, phosphorus; see 
Table 1) are simultaneously controlling variables and vari- 
ables which are changed by the activity of the organisms. 
Therefore, temperature has been chosen as a relatively inde- 
pendent test variable of the comparability of the lakes. Fig. 2 
shows that the epilimnetic temperatures of both lakes and 
both periods are very similar, and hence suggests that the 
cross-comparison is justfied. 
• Chaoborus pp. 
Before 1992, C. flavicans was observed almost exclusively 
in both lakes. Chaoborus obscuripes appeared with first, sin- 
gle specimens in Piscivore L. in 1991. The situation was 
transient in 1992, the last year of the intermediate r sponse 
period, when both species coexisted with C. flavicans domi- 
nating. After 1992, C. obscuripes dominated. C. flavicans 
could not longer be detected in 1995 (Fig. 3A). Contrary to 
the situation in Piscivore L., C. obscuripes was found very 
rarely (a few, single specimens) in Planktivore L. at the same 
time that it dominated Piscivore L., and even C. flavicans 
was present only at very low densities (with the exception of 
one date after the egg deposition, Fig. 3A). 
• Herbivorous zooplankton 
Large daphnids dominated the crustacean zooplankton i  Pis- 
civore L. during the whole period of C. flavicans dominance 
(1989-1992). With the exception of a single date in 1993, 
daphnids as well as smaller cladocerans (mainly Scaphole- 
beris mucronata) developed to only very low biomasses dur- 
ing the period of C. obscuripes dominance in Piscivore L. 
Fig. 2. Comparison of epilimnion (1 m) temperature of
the experimental (Piscivore L.) and reference (Plankti- 
yore L.) lake. 
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Fig. 3. Biovolume of Chaoborusflavicans (C. flay.), C. obscuripes 
(C. obsc.) and important other groups of zooplankton during the pe- 
riod of intermediate r sponse (1989-1992) and long-term response 
(1993-1995) in the experimental (Piscivore L.) and reference 
(Planktivore L.) lake. A: mean values over the whole water column. 
B and C: mean values of the oxygenated zone (epi- and metal- 
imnion). 
(Fig. 3B). Especially in 1994 and 1995, all cladocerans in 
Planktivore L. showed very low biomass. The direct compar- 
ison by cumulative frequency distributions (CFD; Fig. 5) re- 
veals that there was not much difference between biomass of 
daphnids in Piscivore L. during the dominance of C. ob- 
seuripes and in Planktivore Lake. On the other hand, higher 
biomass of daphnids was observed with a frequency of 60% 
of the sampling events in Piscivore L. during C. flavicans 
dominance. The CFDs of small cladocerans were very similar 
for both periods in Piscivore L., indicating that these species 
could not develop during dominance of either C. flavicans or 
C, obscuripes. With only a low frequency of about 20%, the 
biomass of small cladocerans was higher in Planktivore L. 
than in Piscivore L. during both periods (Fig. 5B). 
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Fig. 4. Development of phytoplankton (A) and SECCHI depth (B) 
during the period of intermediate r sponse (1989-1992) and long- 
term response (1993-1995) in the experimental (Piscivore L.) and 
reference (Planktivore L.) lake. A: mean values of the oxygenated 
zone (epi- and metalimnion). 
Copepods were very rare in Piscivore L. during domi- 
nance by C. obscuripes and also during the period when C. 
flavicans developed extremely high densities. At moderate 
densities of C. flavicans in 1989 and 1990, Eudiaptomus 
gracilis was able to develop successfully. In Planktivore L. 
only in 1993, copepods (mainly E. gracilis and Thermocy- 
clops oithonoides) achieved high biomass but showed low 
densities in 1994 and 1995 (Fig. 3C). CFDs show clearly that 
copepods were extremely suppressed in Piscivore L. under 
conditions of C. obscuripes dominance. The suppression of 
copepods was only a little weaker (with 10% frequency) 
when C. flavicans (and daphnids) dominated in Piscivore 
Lake. Copepods were more successful (but with only 30% 
frequency) under conditions of high densities of planktivo- 
rous fish (Fig. 5C). 
The mean individual body volume (MIBV) is a strong in- 
dicator of the strength of different ypes of predation. Here 
we use the mean body volume rather than mean length, be- 
cause only body volume can be averaged over different mor- 
phological types and/or taxonomical groups of zooplankton. 
Fig. 5G demonstrates the CFDs of MIBV of total crustaceans 
including all juvenile stages. It can be seen from Fig. 5G that 
crustaceans were distinctly larger (with about 60% frequen- 
cy) in Piscivore L. during C. flavicans dominance than dur- 




















Fig. 5. Comparison of the cumulative frequency | - 
distributions (CFD) of important s ructural charac- 2 teristics of the periods of Chaoborus flavicans (C. 0 
flav.; 1989-1992) and C. obscuripes (C. obsc.; N" 0,4 
1993-1995) dominance in Piscivore Lake (Pisc. E ,.-, 
L.) as well as of the period 1993-1995 in Plankti- ~ ~ 0,3 
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ing the period when C. obscuripes was the top predator. The 
MIBV in Piscivore L. during C. obscuripes dominance was 
much more similar to the low MIBV in Planktivore Lake. 
With only 20% frequency, MIBV was higher in Piscivore L. 
under conditions of C. obscuripes dominance compared with 
the high predation pressure xerted by planktivorous fish in 
Planktivore L. (Fig. 5G). 
Rotifers (mainly Asplanchna priodonta, Synchaeta pecti- 
nata, Brachionus angularis, Keratella quadrata, K. cochle- 
aris, Filinia longiseta) were highly abundant in Planktivore 
L. in late spring or early summer of all three years. These 
species developed sometimes moderate biomass in Piscivore 
L. during C. flavicans as well as C. obscuripes dominance, 
but were found mostly at low biomass in this lake (Fig. 3C). 
CFDs indicate that rotifers developed distinctly higher 
biomass in Planktivore L. with almost 95% frequency com- 
pared with both periods in Piscivore L. (Fig. 5D). When C. 
flavicans (and daphnids) dominated in Piscivore L., rotifers 
were even stronger suppressed (with 30% frequency) com- 
pared with C. obscuripes dominance. 
• Phytoplankton biomass and SECCHI depth 
No distinct differences in total phytoplankton biomass could 
be observed in Piscivore L. between the C. flavicans period 
and the period when C. obscuripes dominated. This can be 
seen from the time series of all observed values (Fig. 4A) as 
well as from the CFDs considering only the months when the 
strongest responses should be expected (May to October, Fig. 
5F). No phytoplankton records are available from Plank- 
tivore L. before 1995. CFDs show that these observations 
since 1995 were not clearly different from the total phyto- 
plankton biomasses in Piscivore L. during both periods (Fig. 
5F). The edible phytoplankton fraction (< 30 ~m in the 
longest dimension) reveals more detail: with almost 100% 
frequency, edible phytoplankton biomass in Piscivore L. dur- 
ing C. flavicans dominance was lower than in either Plankti- 
yore L., or in Piscivore L. during the phase when C. obscu- 
ripes was the top predator. There was almost no difference 
between Planktivore L. and C. obscuripes-dominated Pisci- 
vore L. regarding edible phytoplankton biomass (Fig. 5E). 
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SECCm depth was generally low after fall overturn and 
during winter in both lakes and during both periods due to the 
particular mixing pattern and oxygen minimum in autumn 
(see chapter "Study Site"). An increase occurred only during 
the spring and summer period if at all (Fig. 4B). CFDs con- 
sidering May to October-values only show that SECCHI depth 
was lowest with 100% frequency in Planktivore L., and with 
about 95% frequency was it much higher in C. flavicans- 
dominated Piscivore L. compared not only with Planktivore 
L. but also with Piscivore L. during C. obscuripes domi- 
nance. Water transparency in C. obscuripes-dominated Pisci- 
vore L. was not distinctly different from Planktivore L. re- 
garding the maximum possible values. Differences were ob- 
served only at low SECCttI depths below about 2 m (Fig. 5H). 
Discussion 
Until recently, it is generally assumed that the efficiency, 
with which effects of fish manipulations cascade to lower 
trophic levels, can be maximized if the intensity of piscivory 
is enhanced as much as possible so that the stock of plankti- 
vorous fish is maximally reduced (CARPENTER • KITCHELL 
1988; McQUEEN 1990; HAMBRIGHT et al. 1991; HANSSON et 
al. 1998). Another method, which aims at the same goal, is 
poisoning all fish by rotenone (HRBA~EK et al. 1961; STEN- 
SON et al. 1978; KOKSVIK & REINERTSEN 1991). However, it 
seems conceivable that the role of planktivorous fish as con- 
sumers of herbivorous zooplankton might be taken over 
completely by invertebrate predators if the latter are released 
from fish predation (GLIWICZ & PREJS 1977; GLIWICZ et al. 
1978). An increase in the abundance of invertebrate preda- 
tors under low predation pressure by planktivorous fish is 
well documented (S~NsON 1979; ELSER et al. 1987; ED- 
MONDSON & ABELLA 1988). But the longer-term response of 
the whole plankton community to near-zero abundance of 
planktivorous fish following an extremely high intensity of 
piscivory was unknown, before we performed the whole- 
lake experiment described in this paper. 
A key question regarding the design of this experiment is 
whether or not Piscivore L. and Planktivore L. are really 
comparable. The following arguments support he compara- 
bility of the two lakes. Due to their proximity, both lakes 
were subject o the same meteorological conditions. Their 
comparable morphometry esulted in very similar tempera- 
ture regimes (Fig. 2) as well as strength and duration of strat- 
ification. Additionally, comparable concentrations of total 
phosphorus and SRP in the oxygenated zone caused similar 
trophic states (Table 1). Overall, the two lakes were very 
similar in their chemical and physical characteristics, even 
though both surface area and volume of Planktivore L. were 
larger than of Piscivore Lake. The similar morphometry, 
stratification pattern, hydrological regime, and trophic state 
presumably had a considerable structuring effect on these 
two lakes, compared to the relatively small difference in size 
which would influence only the volume of the anoxic hy- 
polimnion. Furthermore, due to the particular morphological 
and hydrological structure, both lakes reveal only low inter- 
annual variation with respect to water temperature (Fig. 2), 
stratification, utrient loading and residence time. A compar- 
ison of the two periods of dominance of different Chaoborus 
species (1989-1992 and 1993-1995, respectively), there- 
fore, should be influenced only very slightly by external fac- 
tors. All observed ifferences of the plankton community 
structure between the two lakes and the two periods should 
be a result of the extreme difference in the stocks of the top 
predators, piscivores in the experimental l ke and planktivo- 
rous fish in the reference lake. 
Under conditions of long-lasting, extremely strong pis- 
civory the food chain in Piscivore L. was uncoupled between 
piscivorous fish and zooplankton. This uncoupling enabled 
invertebrate predators (Chaoborus spp.) to develop abundant 
populations. During the intermediate response period 
(1989-1992), large daphnids could fluorish (Figs. 1 and 3B) 
because as adults they were beyond the gape size range of C. 
flavicans predation, and as juveniles were protected by the 
formation of neckteeth (SELL 1996). This defence mecha- 
nism could not completely prevent considerable losses by 
mortality in the populations of Daphnia longispina nd D. 
pulex. As exclosure xperiments during the transient state 
from C. flavicans to C. obscuripes in Piscivore L. have 
shown, abundance and biovolume of the daphnids (mainly 
D. rosea) were roughly ten times higher, if Chaoborus pp. 
were excluded from the experimental treatments (SELL 1996; 
SELL et al. 1997). Nevertheless, aslong as C.flavicans domi- 
nated the predatory zooplankton i Piscivore L., large daph- 
nids coexisted with the predator. They still coexisted with 
Chaoborus pp. in 1993 and 1994, when C. obscuripes first 
became dominant (SELL 1996). 
The uncoupling of the food chain in Piscivore L. led to 
even much stronger negative ffects on daphnids after a 
highly effective invertebrate predator, C. obscuripes, had in- 
vaded. This invasion was expected according to predictions 
derived from tank experiments by STENSON (1981). Due to 
its larger mouth gape (bigger head capsules) and its perma- 
nent presence in the epi- and metalimnion, C. obscuripes 
could exert much stronger predation pressure on the herbivo- 
rous zooplankton than C. flavicans. After invasion by C. ob- 
scuripes there were steep declines in crustacean biomass, 
MIBV of all crustaceans, and biomass of Daphnia spp. (Figs. 
1 and 3). One important reason for the strong influence of C. 
obscuripes on the zooplankton was the fast displacement of
the smaller C. flavicans in Piscivore L. after the immigration 
of the larger predator. This fast displacement is explained by 
the superior competitive ability of C. obscuripes due to its 
larger mouth gape (STENSON 1981; REPKA et al. 1995; SELL 
1996), its behaviour (no diurnal vertical migration: SELL 
1996), and its early emergence time, which enhances the sur- 
vival probability of the first instars (NHLL 1985; HALAT ~: 
LEHMANN 1996; SELL 1996; WISSEL & BENNDORF 1998). 
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Strong piscivory in Piscivore L. enabled the highly effec- 
tive invertebrate predator, C. obscuripes, to exert such a 
strong predation pressure that the total zooplankton commu- 
nity was even more suppressed than by an abundant popula- 
tion of planktivorous fish in Planktivore Lake. When C. ob- 
scuripes dominated in Piscivore L., the biovolume of large 
daphnids was low as comparable in Planktivore L. (Figs. 3B 
and 5A). But small cladocerans (Figs. 3B and 5B), copepods 
(Figs. 3C and 5C), and rotifers (Figs. 3C and 5D) were dis- 
tinctly more suppressed by both Chaoborus pecies in Pisci- 
vore L. than by planktivorous fish in Planktivore Lake. Con- 
sequently, total zooplankton biovolume in Planktivore L. 
was higher compared with C. obscuripes-dominated Pisci- 
vore L. (not shown; see WlSSEL & BENNDORF 1998). 
Effective grazer control of phytoplankton a d water trans- 
parency was absent in Planktivore L. as well as in Piscivore 
L. after C. obscuripes became the dominant predator. No dis- 
tinct differences were observed regarding edible phytoplank- 
ton (Figs. 4A, 5E) and maximum SECCHI depth (Figs. 4B, 
5H) between the lakes during the period of C. obscuripes 
dominance in Piscivore Lake. Contrary to this long-term re- 
sponse in Piscivore L., grazer control of edible phytoplank- 
ton (Figs. 4A, 5E) and SECCHI depth (Figs. 4B, 5H) was ob- 
viously effective during the intermediate-response period 
when large daphnids coexisted with C. flavicans. As expect- 
ed from the top-down/bottom-up theory (McQvEEN et al. 
1986) and from the BETP-hypothesis (B__iomanipulation _Ef- 
ficiency Threshold of_Phosphorus loading: BENNDOed~ 1987), 
total phytoplankton biovolume was not distinctly different 
between both lakes and both periods in Piscivore L. (Fig. 
5F). This result confirms other findings that in deep lakes 
(without macrophytes) above the BETP, sustained reduction 
of total phytoplankton biomass by biomanipulation seems to 
be difficult (REYNOLDS 1994; BENNDORF 1995). The situation 
is completely different (i.e., sustained reduction of total phy- 
toplankton biomass by biomanipulation can be expected), if
(1) biomanipulation is applied to shallow lakes in which 
macrophytes can potentially develop (Moss 1990; JEPPESEN 
et al. 1997), (2) is combined with artificial destratification f
deep lakes (light limitation: OSKAM 1978; RENTON et al. 
1995), (3) if the phosphorus (P) loading is primarily below 
the BETP (STENSON 1988), but not extremely low (ELsER & 
GOLDMAN 1991; RAMCHARAN et al. 1995), or (4) if the P- 
loading is reduced below the BETP by management mea- 
sures (KosCHEL et al. 1993; JOCHEN KOOp, Dresden Univer- 
sity of Technology, Institute of Hydrobiology). 
The "over-biomanipulation" hypothesis is stronger sup- 
ported by the cross-comparison shown in this work than by 
single comparisons which were published earlier (BENNDORF 
1995; SELL et al. 1997; WISSEL & BENNDORF 1998). There- 
fore, the principal conclusion drawn from these earlier stud- 
ies is corroborated that long-lasting success of biomanipula- 
tion is not likely to be achieved by an extremely high intensi- 
ty of piscivory (or regularly repeated use of rotenone) leading 
to an extremely low or absent planktivorous fish stock. Under 
these conditions, in the long term an effective invertebrate 
predator that is able to prey on large daphnids can immigrate 
and develop high abundance due to lack of its top-down con- 
trol. To avoid this uncoupling of the food chain between pis- 
civorous fish and zooplankton, at least a minimum biomass 
of planktivorous fish is necessary. The application of this 
management s rategy is obviously not restricted to small 
lakes like the experimental lakes used in this study. For exam- 
ple, the moderate nhancement of planktivorous fish stock 
(longfin smelt, Spirinchus thaleichthys) in Lake Washington 
caused a reduction of the abundance of the invertebrate 
predator Neomysis nteger followed by a dramatic increase in 
Daphnia spp. abundance (EDMONDSON • ABELLA 1988). 
Biomanipulation should be directed to control planktivo- 
rous fish to an ,,optimum" biomass (BENNDORF 1990, 1995) 
rather than to reduce these fish to a minimum possible densi- 
ty. Therefore, starting in 1996 we continued the whole-lake 
experiment in Piscivore L. by establishing this ,,optimum" 
biomass of planktivorous fish of about 20 kg • ha -1. This 
biomass level has been derived from findings of MCQUEEN 
& POST (1986) and amounts to about 20% of the phosphorus- 
controlled carrying capacity for planktivorous fish in Pisci- 
vore L. calculated after RANDALL et al. (1995). The most re- 
cent available results from 1996 to 1999 (WISSEL et al., in 
press; ARNE RYTER, Dresden University of Technology, In- 
stitute of Hydrobiology) demonstrate hat a sustained mass 
development of large daphnids could be re-established at this 
,,optimum" biomass of planktivorous fish. 
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